ABSTRACT Physa acuta (left-handed shell) have strong natural growth activity not only in lentic waters but also in eutrophic environments. Therefore, it has been considered one of the candidate species that could evaluate the degree of water pollution by physiological and biochemical methods. In this study, we constructed a P. acuta cDNA library using the 5# oligo capping method, and determined the sequences of 2,282 clones by 5# end-single path sequencing. After trimming, clustering, and assembling these sequences, we finally obtained 575 distinctly available transcripts that were 718 bp in average length. These transcripts were annotated using the BLASTX search and were classified by function using KOG analysis. After comparison with biomarker genes already known in several organisms, we identified 27 potential biomarker candidates that were categorized into two groups strongly related to stress and defense genes by their functions. To the best of our knowledge, this is the first report of massive profiling of cDNA sequences and the characterizing of potential biomarker genes in P. acuta. Our study offers valuable information to scientists for developing new environmental biomonitoring markers, and for scientists studying the physiology, growth and development, immunity, genetic identification, and evolutional diversity in P. acuta.
INTRODUCTION
To find out an alternative way in measuring the level of contamination in grossly polluted sites, biomarkers have received considerable attention. The biomarkers can be defined as biochemical, physiological, histological, and morphological responses to environmental chemicals. Recently, many investigators have used an EST-based method to screen potential biomarkers by analyzing transcripts expressed from the species of bioindicator organisms (Davey et al. 2001 , Gross et al. 2001 , Jenny et al. 2002 .
In this study, we investigated Physa acuta, a freshwater pulmonate with a sinistrally coiled shell, to determine its possible role as a biomarker. P. acuta is a ubiquitous species that can tolerate many habitats, even highly polluted waters. The family Physidae has been known to live longer in the aquatic world even after exposure to herbicides such as Diuron (Nebeker & Schuytema 1998) , chlorpyrifos, lindane (Cuppen et al. 2002) , and Paraquat (Bacchetta et al. 2002) . Its resistance to butanol is 2-4 times higher than in fish (Stobaeus et al. 1990 ). Interestingly, this family is also known to have a higher egghatching rate when exposed to a strong toxic chemical (Leung et al. 2004) , and can survive better than aquatic insects when exposed to heavy metals, chromium (Cr 6+ ), and arsenic (As 3+ ) (Canivet et al. 2001) . These natural characteristics of P. acuta suggest that it has a high potential as an index organism for monitoring ecological environments polluted with heavy metals and harmful chemicals.
We constructed a cDNA library using mRNA extracted from the whole body of P. acuta and determined its EST sequence. This is the first report profiling the transcriptome in P. acuta. We will show valuable candidate genes with the potential as biomonitoring markers compared with those of other organisms.
MATERIALS AND METHODS

Sample Collection
The specimens of P. acuta were collected from Lake Dogo located in Asan (clear-water area), Chungnam Province, South Korea, and were maintained in aerated natural lake water. P. acuta belongs to the family Physidae, the order Basommatophora, the superorder Pulmonata, the class Gastropoda, and the phylum Mollusks.
cDNA Library Construction
Total RNA was isolated with Trizol, and mRNA was purified from the total RNA using an mRNA purification kit. A cDNA library was generated using the SMART cDNA Library Construction Kit (Clontech, Palo Alto, CA). In brief, cDNA was ligated into a TriplEx2 vector and packaged using the Gigapack Gold l (Stratagene, La Jolla, CA) packaging system. The library contained 1.6 3 10 5 plaque forming units. Forty random plaques were chosen from each library for PCR amplification and were cut with the SfiI enzyme. Average insert size was determined by agarose gel (0.8%) electrophoresis run at 180 V and compared with a standard ladder of 100 bp. The average insert size for the library was 1.2 kb.
DNA Sequencing
The lambda TripleEx2 vector (linear form) was converted to the pTriplEx2 vector (circular form) with Escherichia coli, which utilizes the Cre-loxP recombination system (Clontech, Mountain View, CA). Plasmid DNA isolated by the standard alkaline lysis method was amplified using the dye-terminator cycling method (BigDye v3.1) using 5# universal primers in the vector (Stratagene), and single-pass sequencing using the ABI3730 XL capillary sequencer.
Sequence Analysis
The chromatogram files obtained from the sequencer were initially submitted to Phred for base calling and quality assignment. The trace files were trimmed with trim-alt 0.12, and sequences shorter than 100 bp were removed. In addition, vector trimming was conducted with cross-match software (http://www.phrap.org), and poly-A was removed using the trimest program of Emboss package (Rice et al. 2000) . The prepared Multi-FASTA formatted data were clustered and assembled using the TGICL (Pertea et al. 2003) package. Last, the contigs and singletons were analyzed with NCBI local BLAST (Altschul et al. 1990 ). Sequences were searched against the following databases: (1) Mollusks amino acid database (Lee et al. 2004) , (2) NCBI nr database, and (3) NCBI KOG database. Matches with an E-value of 1e-5 for BLASTX were considered as putative hits. All 1,196 P. acuta EST sequences analyzed in this study were deposited in the DNA data bank of DDBJ/EMBL/NCBI (accession nos. BW985220-BW986415).
RESULTS
EST Sequence Compilation, BLAST Analyses, and Functional Clustering of Genes
A total of 2,286 clones were randomly selected from the P. acuta cDNA library, and their 5# end sequences were determined by single-pass sequencing. All the sequences were trimmed from the vector region and the low-quality sequences (see Materials and Methods). We collected 1,196 high-quality ESTs with an average 718 bp in length, as shown in Table 1 . After clustering and assembling the EST sequences using TGICL (Pertea et al. 2003) , we finally obtained 575 distinct sequences composed of 504 singletons and 71 contigs in 62 clusters. The information about these 1,196 sequences, 575 distinct sequences, 71 contigs, 504 singletons, and BLAST results are provided as supplementary data at our website (http:// blast.inje.ac.kr/;physa).
First we compared the 1,196 distinct sequences with an exclusive molluscs database (http://blast.inje.ac.kr/mollusks/ (Lee et al. 2004 )) using the BLASTX program (<1e-10). No-hit sequences from the exclusive database were compared with the nonredundant database in the NCBI (nr) using the BLASTX programs as shown in Figure 1 . To eliminate any mismatched sequences, an E-value of less than 1e-5 was used as the threshold against BLASTX. Based on the top Blast hits, 651 distinct sequences were putatively identified; 404 sequences aligned with protein sequences of the exclusive mollusc database and 247 sequences hit on the NCBI (nr) database. The remaining 575 of 1,196 sequences did not identify with sequences in the databases based on this criterion (Table1). The 360 putative sequences identified through BLAST searching were clustered by orthologous groups for eukaryotic complete genomes (KOG) (Tatusov et al. 2003) . They were classified into 22 categories as represented in Figure 2 : translation, ribosomal structure, and biogenesis (24.4%); RNA processing and modification (1.11%); replication, recombination, and repair (0.28%); chromatin structure and dynamics (1.11%); nuclear structure (0.28%); defense mechanisms (1.11%); signal transduction mechanisms (2.22%); cell wall/membrane/envelope biogenesis (0.28%); cell motility (0.28%); cytoskeleton (1.67%); extracellular structures (1.39%); intracellular trafficking, secretion, and vesicular transport (1.39%); posttranslational modification, protein turnover, and chaperones (10.56%); energy production and conversion (11.94%); carbohydrate transport and metabolism (2.50%); amino acid transport and metabolism (1.11%); nucleotide transport and metabolism (0.56%); coenzyme transport and metabolism (0.56%); lipid transport and metabolism (0.83%); inorganic ion transport and metabolism (34.44%); general function prediction only (1.39%); and function unknown (0.56%).
DISCUSSION
Novel Biomarker Candidates of P. acuta
A variety of biomarkers using the EST approach has been successfully developed in several organisms (Davey et al. 2001 , Gross et al. 2001 , Jenny et al. 2002 , but they have not yet been used in P. acuta. One of the important purposes of this EST study was to identify candidate genes with the potential of biomonitoring markers. We investigated these annotated genes through sequence alignment with already known biomarkers identified in other organisms, as summarized in Table 2 . We identified 27 potential transcripts as biomarkers already validated in several other organisms (references are indicated in Table 2 ). They are classified into 3 functional groups: stressrelated genes (9 transcripts), defense-related genes (12 transcripts), and others related to several functions (6 transcripts) as noted in the following paragraphs.
Stress-Related Genes
Stress-related proteins classified into biomarkers are known to have a functional role in detoxification processes triggered by stress. We found four representative gene categories with an E-value score less than 1e-5 with other organisms.
Generally, superoxide dismutase (SOD) is known to protect cells against cytotoxic effects of reactive oxygen intermediates produced during phagocytosis. It has been proposed that extracellular SOD may also participate in immunity by mediating or regulating hemocyte adhesion and phagocytosis (Johansson 1999) . Ferritin has a metal-binding capability and is involved in iron metabolism and regulation. Recently, it has been suggested that ferritin may also be considered an acute-phase protein, and its sequestration may be a component of the invertebrate immune response (Beck et al. 2002) . The third cluster, metallothionein, is a metal-binding protein thought to be involved in the detoxification of heavy metals, in free radicals scavenging, and also in inflammatory response (Kanekiyo et al. 2002) . Several studies support the validity of metallothionein as a biomarker for a variety of cellular stress (Pedersen et al. 1997 , Cosson 2000 . Two heat-shock proteins (HSPs)-HSP 90 and HSP 24.1-were identified in the EST study. HSPs were validated previously as biomarkers for cellular stress by several studies (Bauman et al. 1993 , Matranga et al. 2000 . Based on these data, metallothionein expression in the absence of cadmium was also studied by PCR in our previous study (Jo et al. 2009 ). . KOG analysis of EST sequences of P. acuta. Code descriptions of KOG: J, translation, ribosomal structure, and biogenesis; A, RNA processing and modification; K, transcription; L, replication, recombination, and repair; B, chromatin structure and dynamics; D, cell cycle control, cell division, and chromosome partitioning; Y, nuclear structure; V, defense mechanisms; T, signal transduction mechanisms; M, cell wall/membrane/ envelope biogenesis; N, cell motility; Z, cytoskeleton; W, extracellular structures; U, intracellular trafficking, secretion, and vesicular transport; O, posttranslational modification, protein turnover, and chaperones; C, energy production and conversion; G, carbohydrate transport and metabolism; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism; P, inorganic ion transport and metabolism; Q, secondary metabolites biosynthesis, transport, and catabolism; R, general function prediction only; S, function unknown.
The cadmium was exposed in a time-dependent manner. As a result, we found that the expression of metallothionein was increased at 4 h and 8 h (Jo et al. 2009 ).
Defense-Related Genes
Defense systems present in every living species are involved in the elimination of reactive chemical species of endogenous or exogenous origin, neutralization of their effects, repair of initial lesions, and compensation of deficient metabolic pathways. Therefore, genes related to these functions have been actively studied as useful biomarkers. This is indicated in the reference column of Table 2 . In this study, we identified 12 transcripts as potential biomarkers related to a defense function. They were comprised of proteinase and its inhibitors (7 transcripts), antimicrobial peptides (2 transcripts), lectin (1 transcript), and others (2 transcripts). Representative proteinase cathepsin-L is a cysteine proteinase belonging to the papainlike cysteinase family. The amphioxus cathepsin-L proteinase was reported to have a possible functional role in the inflammatory reaction in amphioxus (Wang et al. 2005 ). The protease inhibitors are known to be involved in the humoral immune response of invertebrates by inactivating proteases that are produced by invading pathogens (Kanost 1999) . For example, the serine protease inhibitor functions in the control of the antifungal response in Drosophila (Levashina et al. 1999) . Two protease inhibitors-basic proteinase inhibitors and serpin 6-were identified in this study by homology research. These 2 protease inhibitors may function to protect against microbial or fungal infections in their natural habitats.
We have identified 2 clusters-proprotegrin-3 and antimicrobial protein escapin-as being homologous to antimicrobial peptides. Such antibacterial peptides in invertebrates are known to be important components of the innate immune response (Charlet et al. 1996) . One gene with a strong similarity to Buckley et al. (2001) selectin, a kind of lectin, was also identified in this study. Selectin is an important humoral component of innate immunity and is implicated in recognition mechanisms between immune cells and foreign bodies (Duclermortier et al. 1999 ).
Other Biomarker Genes
In this study, we identified 6 kinds of genes implicated in critical biological functions. Their putative functions are listed on the basis of the references in Table 2 , although it remains to be proved experimentally whether unique and new environmental biomarkers can be identified from P. acuta in both laboratory and natural conditions.
CONCLUSIONS
Development of biomarkers indicating exposure to pollutants such as chemical or heavy metals is becoming increasingly important in toxicology and human health. The ecological and physiological characteristics of P. acuta show that it has the potential to be an index organism for monitoring ecological environments polluted with heavy metals and harmful chemicals. In this context, we identified 27 potential biomarker transcripts by analyzing the ESTs for P. acuta. To our knowledge, this study is the first to demonstrate high-throughput data analysis of the transcriptome for P. acuta. We believe that all the potential biomarkers are useful candidates for further studies to validate biomarkers in various environmental conditions. Furthermore, this approach will greatly expand our understanding about the physiological response to P. acuta to pollutants at the molecular level and will provide an alternative way to measure the level of water pollution.
